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Abstract 

Anodized  and  annealed  titanium  oxide  nanotubes  show  enhanced  photo  activity  and  can  be  used  as  photo  anodes  for  water  electrolysis  in  hydrogen 
generation.  Application  of  an  external  potential  to  the  photo  anode  is  required  for  enhancement  of  the  photocurrent.  This  additional  electrical  energy 
input  complicates  the  photo  conversion  efficiency  calculation.  In  this  investigation,  the  photo-electrochemical  behavior  of  anodized  titanium  oxide 
nanotubular  arrays  have  been  characterized  in  various  electrolytes.  Increase  in  the  applied  potential  increased  the  photocurrent  under  illumination 
with  visible  light.  A  simple  experimental  method  for  calculating  the  photo  conversion  efficiency  has  been  proposed.  According  to  this  method,  the 
potential  difference  between  the  photo  anode  and  cathode  is  measured  with  and  without  light  illumination.  The  product  of  the  photocurrent  and 
the  increase  in  potential  due  to  light  irradiation  is  considered  as  the  net  power  output.  The  photocurrent  and  the  conversion  efficiency  increased 
with  increase  in  the  pH  of  the  electrolyte.  TiCF  nanotubular  arrays  annealed  at  350  °C  for  6h  in  nitrogen  atmosphere  showed  a  maximum  photo 
conversion  efficiency  of  ~4%  in  1  M  KOH  electrolyte  and  ~3%  in  3.5  wt.%  sodium  chloride  solution.  The  results  indicate  that  nanotubular  TiC>2 
can  be  potentially  used  for  the  photo  electrolysis  of  seawater  to  generate  hydrogen. 

©  2006  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Solar  hydrogen  generation;  Titanium  oxide  nanotubes;  Photo  conversion  efficiency;  Photo  anode 


1.  Introduction 

Fuj  ishima  and  Honda  [  1  ]  first  demonstrated  in  1 972  that  water 
could  be  electrolyzed  by  irradiating  an  n-type  rutile  photo  anode 
with  solar  energy  and  hydrogen  could  be  produced  at  the  photo 
cathode  in  an  electrochemical  cell.  This  fascinating  discovery 
initiated  a  number  of  investigations  in  search  of  more  suitable 
semiconductor  materials  for  the  photo  splitting  of  water  [2], 
For  efficient  electrolysis  of  water  the  photosensitive  material 
should  satisfy  three  basic  requirements  [3,4]:  (1)  the  electronic 
band  gap  should  be  low  so  that  most  of  the  solar  light  spectra 
can  be  used  for  photo  excitation;  (2)  band  edges  of  the  semi¬ 
conductor  should  be  conveniently  located  for  easy  electron  and 
hole  transfers  with  respect  to  the  H2/H2O  and  H2O/O2  energy 
levels;  and  (3)  the  semiconductor  should  be  stable  against  photo¬ 
corrosion  in  the  electrolyte.  Among  the  available  photosensitive 
semiconductor  materials,  TiCF  is  considered  more  stable  against 
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photocorrosion  even  though  the  band  gap  is  about  3-3.2  eV 
[2,3].  This  larger  band  gap  requires  a  higher  energy  of  light, 
predominantly  in  the  UV  part  of  the  solar  spectrum,  for  pho¬ 
toexcitation  of  electron-hole  pairs.  Therefore,  only  3-5%  of  the 
solar  energy  can  be  used  for  conversion  into  photocurrent.  In 
order  to  increase  the  photocurrent  output,  an  external  potential 
is  generally  applied  [5],  The  supply  of  external  electrical  energy 
reduces  the  photo  conversion  efficiency. 

Use  of  nano-structured  semiconductor  materials  has  been 
considered  to  enhance  the  photogeneration  of  hydrogen  owing 
to  high  surface  area  and  improved  charge  separation  kinetics 
[6],  Higher  photoconversion  efficiency  has  been  reported  for 
dye  sensitized  nanocrystalline  TiCU  solar  cells  [7,8].  Quantum 
confinement  was  considered  to  occur  in  the  nano-size  materials, 
which  could  alter  the  band  gap  leading  to  enhanced  light  absorp¬ 
tion  [9],  It  was  suggested  that  instead  of  the  3D  configuration 
of  nano  particles,  fabrication  of  vertical  standing  nano-wires 
of  TiC>2  could  improve  the  photo  conversion  efficiency  [5], 
Anodization  of  titanium  metal  substrate  in  acidified  fluoride 
solution  results  in  formation  of  ordered  vertical  standing  arrays 
of  TiCH  nanotubes  [10-12].  As  the  semiconductor  nanotubes 


K.S.  Raja  et  al.  /  Journal  of  Power  Sources  159  (2006)  1258-1265 


1259 


grow  on  the  Ti  metal  substrate,  a  well-defined  Schottky  type 
contact  is  naturally  obtained.  The  vertically-oriented  nanotubes 
can  give  an  easy  path  for  electron  transport  to  the  metal  sub¬ 
strate.  The  nanotubes  are  configured  such  a  way  that  both  inner 
and  outer  surface  areas  of  the  nanotubes  are  exposed  to  the  elec¬ 
trolyte,  which  could  facilitate  faster  hole  transport  for  oxygen 
evolution  during  water  electrolysis  by  minimizing  the  diffusion 
length  by  half  of  the  wall  thickness  of  the  nanotubes.  Further  it 
is  envisaged  that  internal  reflections  within  the  TiCF  nanotubes 
could  enhance  the  light  absorption  [13]. 

The  photo  conversion  efficiency  of  water  electrolysis  is  cal¬ 
culated  based  on  the  following  relation  [14]: 


where  Jp\,  is  the  photocurrent  density;  Elev  the  reversible  poten¬ 
tial  for  water  electrolysis  which  is  1.23  V  versus  standard  hydro¬ 
gen  electrode  and  /o  the  intensity  of  incident  light.  If  external 
potential  is  used  the  efficiency  has  been  calculated  as  [3,5]: 

=  iph  x  (£rev  -  £app) 

/o 

where  £app  =  Emeas  —  Eoc ;  Emeaii  the  potential  applied  to  photo 
anode  versus  a  reference  electrode;  Eoc  the  open  circuit  potential 
of  photo  anode  under  illumination. 

When  the  Elev  is  considered  only  as  1.23  V,  the  theoretical 
value  based  on  the  thermodynamic  data,  a  negative  efficiency 
could  be  calculated  even  though  a  photocurrent  is  measured  at 
some  applied  potentials.  As  the  value  of  the  photocurrent  is  gen¬ 
erally  orders  of  magnitude  higher  than  the  dark  current  observed 
at  the  corresponding  applied  potentials,  calculation  of  the  nega¬ 
tive  efficiency  of  the  photo  conversion  is  considered  unrealistic. 
Therefore,  a  different  approach  for  calculation  of  the  photocon¬ 
version  efficiency  is  required  under  external  electrical  energy 
input  conditions. 

Khan  and  Akikusha  [15]  considered  an  overpotential  of  0.5  V 
for  water  electrolysis  and  took  Elev  =  1.73  in  their  calculation. 
However,  their  calculations  involved  conversion  of  the  potentials 
to  values  corresponding  to  pH  0.  This  conversion  step  may  not 
be  necessary,  as  the  theoretical  potential  difference  for  water 
electrolysis  at  25  °C  remains  a  constant  at  1.23  V  irrespective 
of  the  pH  or  reference  electrode  used.  This  is  not  the  individual 
potential  of  either  anode  or  cathode  versus  a  reference  electrode 
but  potential  difference  between  the  anode  and  cathode. 

In  most  of  the  reports  [3,5,13,16]  on  solar  water  electrolysis, 
a  parabolic  relation  between  the  applied  potential  and  the  photo 
conversion  efficiency  was  observed  with  almost  zero  efficiency 
both  at  the  open  circuit  potential  and  the  applied  potential  of 
1 .23  V.  Even  though  the  photocurrent  increases  with  increase 
in  applied  potentials,  efficiency  calculations  based  on  Eq.  (2) 
would  still  yield  negative  efficiencies.  Therefore,  the  literature 
reported  efficiency  calculations  do  not  represent  the  actual  solar 
water  electrolysis  using  semiconductors  under  external  potential 
conditions.  In  fact,  to  the  best  of  our  knowledge,  no  investiga¬ 
tion  has  explicitly  reported  the  potential  difference  between  the 
photo  anode  and  cathode  using  a  three-electrode  cell  configura¬ 
tion.  Only  the  potential  of  either  the  photo  anode  or  cathode  has 


been  measured  with  respect  to  a  reference  electrode  [3,5,16, 17]. 
Nozik  [18]  individually  reported  the  potential  of  the  anode  and 
the  cathode  with  reference  to  a  saturated  calomel  electrode.  As 
indicated  earlier,  a  theoretical  minimum  potential  difference  of 
1 .23  V  (without  considering  overpotential)  should  be  maintained 
between  anode  and  cathode  for  water  splitting.  Illumination  of 
a  photo  anode  or  cathode  aids  development  of  the  potential  dif¬ 
ference  and  decreases  the  external  electrical  energy  needed  to 
develop  the  required  potential  for  water  electrolysis.  It  should 
be  noted  that  when  the  potential  difference  between  the  anode 
and  cathode  exceeds  the  required  value,  the  excess  energy  could 
be  dissipated  as  heat  energy  and  would  increase  the  temper¬ 
ature  of  the  electrolyte.  Increased  temperature  decreases  the 
energy  required  for  water  electrolysis.  Therefore,  the  increase 
in  applied  potential  may  not  result  in  a  negative  efficiency  as 
depicted  by  other  reports.  The  foregoing  discussions  indicate 
that  the  potential  difference  between  the  photo  anode  and  cath¬ 
ode  should  be  known  for  efficiency  calculations.  In  this  investi¬ 
gation,  the  photo-electrochemical  behavior  of  nanotubular  TiC>2 
photo  anodes  has  been  characterized  based  on  the  potential 
between  the  photo  anode  and  cathode. 

2.  Experimental 

sixteen  millimetre  discs  were  punched  out  from  a  stock  of  Ti 
foil  (0.2  mm  thick,  99.9%  purity,  ESPI-metals,  Ashland,  OR, 
USA)  and  secured  in  a  PTFE  holder  exposing  only  0.7  cm2 
area  to  the  electrolyte.  Nanotubular  TiCE  arrays  were  formed 
by  anodization  of  the  Ti  foils  in  electrolyte  solution  of  0.5  M 
H3PO4  +  0. 1 4  NaF  +  0. 1  M  NaN03 . 

A  two-electrode  configuration  was  used  for  anodization.  A 
flag  shaped  Pt  electrode  served  as  the  cathode.  The  anodization 
was  carried  out  at  20  V.  Initially  the  potential  was  ramped  at  a  rate 
of  0. 1  V  s_1  from  the  open  circuit  potential  to  the  final  anodiza¬ 
tion  potential  of  20  V.  The  anodization  current  was  monitored 
continuously.  During  anodization,  a  magnetic  stirrer  continu¬ 
ously  stirred  the  solution.  After  an  initial  increase-decrease 
transient,  the  current  reached  a  steady  state  value.  The  anodiza¬ 
tion  was  stopped  after  20  min  of  reaching  a  steady  state  current 
value  in  lower  pH  electrolytes.  The  total  anodization  time  was 
typically  about  45  min. 

The  anodized  specimens  were  annealed  in  nitrogen  atmo¬ 
sphere  at  350-500  °C  for  1-6  h.  Electronic  band  gap  values  of  the 
TiC>2  samples  were  measured  from  the  optical  absorption  spectra 
using  a  UV-vis  spectrometer  (Model:  UV-2401  PC,  Shimadzu 
Corporation,  Kyoto,  Japan).  The  morphology  of  the  nano  tubes 
were  observed  using  a  field-effect  scanning  electron  microscope 
(Hitachi,  Model :S -47 00). 

Experiments  on  hydrogen  generation  by  photo-electrolysis 
of  water  were  carried  out  in  a  glass  cell  with  photo-anode 
(nanotubular  TiCE  specimen)  and  cathode  (platinum  foil)  com¬ 
partments.  The  compartments  were  connected  by  a  fine  porous 
glass  frit.  The  reference  electrode  (Ag/AgCl)  was  placed  closer 
to  the  anode  using  a  salt  bridge  (saturated  KCl)-Luggin  probe 
capillary.  The  cell  was  provided  with  a  60  mm  diameter  quartz 
window  for  light  incidence.  Electrolytes  used  were:  1  M  NaOH, 
1M  KOH  (pH  —  14),  0.5  M  H2S04  (pH  ~0.3)  and  3.5wt.% 
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NaCl  (pH  ~  7.2)  aqueous  solutions.  Electrolytes  were  prepared 
using  reagent  grade  chemicals  and  doubly  distilled  water.  No  aer¬ 
ation  or  de-aeration  was  carried  out  to  purge  out  dissolved  gases 
in  the  electrolyte.  A  computer-controlled  potentiostat  (Model: 
SI  1286,  Schlumberger,  Farnborough,  England)  was  employed 
to  control  the  potential  and  record  the  photocurrent  generated. 
A  300  W  solar  simulator  (Model:  69911,  Newport-Oriel  Instru¬ 
ments,  Stratford,  CT,  USA)  was  used  as  a  light  source.  The  light 
at  the  160W  power  level  was  passed  through  an  AM  1.5  filter 
which  allowed  wavelengths  only  between  400  and  700  nm  to  be 
incident  upon  the  photo-anode.  The  intensity  of  the  light  was 
measured  by  a  radiant  power  and  energy  meter  (Model  70260, 
Newport  Corporation,  Stratford,  CT,  USA).  Taking  into  account 
the  losses  due  to  reflection  and  absorption  at  various  media  such 
as  the  glass  window  and  the  immersion  distance  (>100  mm)  of 
sample  in  the  electrolyte,  etc.,  the  incidence  light  intensity  on  the 
sample  is  considered  as  87  mW  cm-2.  The  samples  were  anod- 
ically  polarized  at  a  scan  rate  of  5  mV  s“ 1  under  illumination 
and  the  photocurrent  was  recorded.  While  the  potential  of  the 
photo  anode  was  measured  by  the  saturated  Ag/AgCl  reference 
electrode  and  potentiostat,  the  potential  of  the  photo-anode  and 
cathode  were  recorded  separately  using  a  5-digit  digital  mul¬ 
timeter  (Hewlett  Packard,  Model:  3468A)  during  polarization 
under  illumination  and  in  the  dark. 

3.  Results  and  discussion 

Anodization  in  acidified  fluoride  solution  results  in  formation 
of  a  nanotubular  structure.  In  the  absence  of  fluoride  ions,  only 
a  thin  uniform  surface  oxide  film  could  be  observed.  Phosphate 
and  nitrate  species  present  in  the  electrolyte  resulted  in  adsorp¬ 
tion  of  these  ions  on  the  walls  of  the  nanotubes.  Annealing  of  the 
nanotubes  in  a  low  oxygen  partial  pressure  resulted  in  oxygen 
vacancy  states  and  possible  doping  of  N  and  P  species  in  TiC>2  lat¬ 
tice.  Fig.  1(a)  shows  the  surface  morphology  of  the  as-anodized 
TiCF  nanotubes.  The  tubes  are  of  70-100  nm  in  diameter  and 
400-500  nm  in  length  as  observed  in  Fig.  1(b),  which  is  the 
side  view  of  the  nanotubular  array.  In  the  as-anodized  condi¬ 
tion  the  nanotubes  have  an  amorphous  structure  as  observed 
from  the  X-ray  diffraction  results  (figure  not  shown).  Anneal¬ 
ing  of  the  nanotubular  arrays  at  350  °C  for  6h  in  a  nitrogen 
atmosphere  resulted  in  the  transformation  of  the  amorphous 
phase  into  anatase,  but  did  not  alter  the  morphology  of  the  nano¬ 
structure.  Other  researchers  also  reported  similar  results  [16,19]. 

Fig.  2  shows  the  optical  absorbance  spectra  of  as  anodized 
and  annealed  Ti02  nanotubes.  In  the  as-anodized  condition, 
the  major  absorbance  occurred  at  less  than  400  nm  and  an 
absorbance  tail  could  be  observed  at  longer  wavelengths. 
Annealing  of  the  nanotubes  at  350  °C  for  6h  was  found 
to  increase  the  absorbance  of  lower  energy  light  as  minor 
absorbance  peaks  could  be  observed  at  about  390,  430,  and 
500  nm  wavelengths.  By  extending  the  tangent  line  of  the 
major  absorbance  curve  to  intercept  the  wavelength  axis  at  zero 
absorbance,  one  can  get  an  idea  about  the  band  gap  of  the  mate¬ 
rial  as  illustrated  in  Fig.  2.  The  band  gap  of  the  as-anodized  TiC>2 
can  be  considered  to  be  3.17  eV  and  annealed  TiCF  nanotubes 
showed  a  lower  band  gap  of  2.9  eV.  The  band  gap  value  and 


Fig.  1.  Morphology  of  vertically  oriented  arrays  of  anodized  titanium  oxide 
nanotubes:  (a)  top  view  of  the  surface  and  (b)  side  view  showing  the  cross  section 
of  the  tubes.  The  tubes  were  mechanically  removed  from  the  Ti  substrate.  The 
scalloped  barrier  film  at  the  bottom  surface  is  also  seen. 


Fig.  2.  Optical  absorbance  spectra  of  Ti02  ordered  nanotubular  anodized  in 
0.5  M  H3PO4  +  0. 14  M  NaF  +  0. 1  M  NaN03  solution  at  20  V  for  45  min.  Anneal¬ 
ing  was  carried  out  at  350  °C  in  nitrogen  atmosphere  for  6  h. 
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the  absorbance  characteristics  of  the  annealed  nanotubes  sug¬ 
gest  a  better  photo  activity  than  that  of  as-anodized  nanotubes 
and  conventional  bulk-Ti02  as  well.  The  increased  absorbance 
of  the  annealed  Ti02  nanotubes  could  be  attributed  to  the  possi¬ 
ble  oxygen  vacancies  generated  during  annealing  at  low  oxygen 
partial  pressure.  In  addition  to  the  oxygen  vacancy  states  creat¬ 
ing  donor  levels  in  the  band  gap  as  reported  by  Cronemeyer  [20], 
band  gap  states  due  to  the  lattice  diffusion  of  P  and  N  species, 
were  introduced  during  the  anodization  step  and  also  could  be 
attributed  to  the  absorption  tails  at  higher  wavelengths.  Minor 
absorbance  peaks  observed  in  the  annealed  samples  could  be 
associated  with  different  levels  of  band  gap  states  introduced  by 
these  species.  Based  on  XPS  measurements,  Ghicov  et  al.  [21] 
reported  a  significant  amount  of  phosphorous  species  in  the  TiCb 
nanotubes  formed  by  a  similar  anodization  procedure.  Asahi  et 
al.  [22]  calculated  the  density  of  states  (DOS)  for  the  doping  of 
carbon,  nitrogen  and  phosphorous  in  the  anatase  Ti02  crystal 
and  considered  that  the  states  introduced  by  carbon  and  phos¬ 
phorous  substitutions  were  too  deep  for  overlapping  with  Ti02 
band  gaps.  However,  increased  photo  activity  of  the  carbon- 
doped  Ti02  nanotubes  has  been  well  documented  [23,24],  Li 
et  al.  [23]  argued  that  the  observed  increase  in  photo  activity 
of  carbon  doped  TiC>2  did  not  contradict  the  theoretical  predic¬ 
tion  of  Asahi  et  al.  [22],  as  the  carbon  was  present  as  carbonate, 
not  as  a  substituted  oxygen  sub-lattice.  Similarly,  incorporation 
of  phosphorous  species  also  can  be  considered  to  increase  the 
photo  activity  of  TiCb . 

Fig.  3(a)  shows  the  photocurrent  and  dark  current  plots  of  as 
anodized  TiCb  nanotubes  in  1  M  KOH  solution  as  a  function  of 
potential  applied  to  the  photo  anode  with  reference  to  a  Ag/AgCl 
reference  electrode.  The  photocurrent  increased  with  increase  in 
applied  potential  to  the  anode.  The  potential  developed  between 
the  photo  anode  (nanotubular  TiCL)  and  the  cathode  (Pt  elec¬ 
trode)  is  also  included  in  Fig.  3(a).  The  increase  in  photo  current 
was  associated  with  the  increase  in  the  potential  between  the 
anode  and  cathode.  Fig.  3(b)  compares  the  potential  (between 
anode  and  cathode)  developed  under  illumination  with  that  in 
the  dark  as  a  function  of  the  potential  applied  to  the  anode. 
Using  a  three-electrode  configuration  and  a  potentiostat,  the 
potential  of  the  anode  was  varied  with  reference  to  a  standard 
reference  electrode  (in  this  investigation  it  was  Ag/AgCl  in  sat¬ 
urated  KC1).  However,  the  photo  current  due  to  light  excitation 
(electrons  generated  by  photo  excitation)  flows  from  the  photo 
anode  to  the  cathode.  There  is  no  current  flow  in  the  reference 
electrode.  Therefore,  comparison  of  the  potentials  between  the 
photo-anode  and  cathode  with  and  without  light  illumination 
would  give  a  better  picture  of  the  photo  conversion  efficiency 
of  the  semiconductor  material.  In  the  as-anodized  condition,  the 
difference  in  potential,  A E  (defined  as  the  potential  increase 
due  to  light  illumination)  was  almost  a  constant  at  lower  applied 
potentials  and  increased  at  higher  applied  potentials  (>  1  V  ver¬ 
sus  Ag/AgCl)  and  the  maximum  value  was  about  0.5  V. 

Fig.  4  shows  the  photocurrent  behavior  of  TiCF  nanotubes 
annealed  at  two  different  conditions,  350  °C  for  6  h  and  500  °C 
for  6h  in  nitrogen  atmosphere.  The  electrolyte  was  1  M  NaOH 
solution.  Both  the  samples  showed  almost  the  same  behavior. 
The  photo  current  increased  steeply  at  lower  applied  poten- 


Fig.  3.  (a)  Photo  current  density  of  T1O2  nanotubes  in  as-anodized  condition  as 
a  function  of  potential  applied  to  the  anode.  Photo-potential  (secondary  F-axis) 
is  the  measure  potential  between  the  anode  and  cathode.  The  electrolyte  was  1  M 
KOH;  (b)  potential  between  anode  (as-anodized  Ti02  nanotubes)  and  cathode 
(Pt)  developed  with  and  without  light  illumination  as  a  function  of  potential 
applied  to  the  anode.  The  electrolyte  was  1  M  KOH.  A E  (d E)  is  the  increase  in 
potential  due  to  light  excitation. 

tials  and  after  reaching  about  —0.2  V  versus  Ag/AgCl,  the  cur¬ 
rent  showed  almost  a  saturation  behavior.  Samples  annealed 
at  350  °C  showed  better  photo  activity  than  those  annealed 
at  500  °C.  The  optical  absorbance  spectra  also  supported  the 
photo  current  results  (not  shown  in  the  figure).  The  reason  for 


Fig.  4.  Photocurrent  generated  by  annealed  nanotubular  TiC>2  at  350  and  500  °C 
for  6  h.  The  electrolyte  was  1  M  NaOH.  Samples  were  illuminated  simulating 
AM  1.5  condition. 
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(a)  Potential  of  anode,  V(Ag/Agci) 


> 


> 


Fig.  5.  (a)  Photocurrent  density  of  annealed  (350  °C  for  6h  in  N2)  Ti02  nanotubular  arrays  in  different  electrolytes  as  a  function  of  potential  applied  to  the  photo¬ 
anode;  (b)  potential  between  anode  (annealed  TiC>2  nanotubes)  and  cathode  (Pt)  developed  with  and  without  light  illumination  as  a  function  of  potential  applied 
to  the  anode.  The  electrolyte  was  1  M  KOH.  A E  (d£)  is  the  increase  in  potential  due  to  light  excitation;  (c)  potential  between  anode  (annealed  TiC>2  nanotubes) 
and  cathode  (Pt)  developed  with  and  without  light  illumination  as  a  function  of  potential  applied  to  the  anode.  The  electrolyte  was  0.5  M  H2SO4.  A E  (d£)  is  the 
increase  in  potential  due  to  light  excitation;  (d)  potential  between  anode  (annealed  TiC>2  nanotubes)  and  cathode  (Pt)  developed  with  and  without  light  illumination 
as  a  function  of  potential  applied  to  the  anode.  The  electrolyte  was  3.5  wt.%  NaCl. 


marginally  inferior  photo  activity  of  the  samples  annealed  at 
500  °C  is  not  understood  at  this  time.  As  the  samples  annealed 
at  350  °C  showed  a  better  photo  activity,  only  these  samples 
were  investigated  further  in  different  electrolytes  to  determine 
the  hydrogen  generation  behavior. 

Fig.  5(a)  illustrates  the  photo-electrochemical  behavior  of 
annealed  T1O2  nanotubular  arrays  (annealed  at  350  °C  for  6h 
in  N2)  in  different  electrolytes.  The  photocurrent  was  higher  in 
1  M  KOH  as  compared  to  that  in  1  M  NaOH  electrolyte  (Fig.  4). 
The  reason  for  the  decreased  photo  current  in  the  NaOH  solution 
could  be  attributed  to  formation  of  sodium  titanate  nano-rings 
on  the  surface  of  the  photo-anode,  which  possibly  interfered 
with  light  absorbance  [25].  The  current  saturation  at  higher 
applied  potential  also  could  be  attributed  to  the  reaction  prod¬ 
uct  of  NaOH  with  TiCT.  In  other  electrolytes,  the  photocurrent 
increased  with  increase  in  applied  potential  (Fig.  5(a))  even 
though  the  rate  of  increase  varied  with  potential  range.  It  could 
be  observed  that  the  photocurrent  generation  decreased  with 
decrease  in  the  pH  of  the  electrolyte  at  almost  all  the  applied 
potentials.  At  higher  potentials  slightly  higher  photocurrents 


were  observed  in  sulfuric  acid  solutions  than  that  in  NaCl  solu¬ 
tion.  When  the  photo  current  was  more  than  1  mA  cm-2,  and  the 
potential  difference  between  the  anode  and  cathode  was  greater 
than  1.23  V,  hydrogen  evolution  at  the  cathode  surface  could  be 
very  clearly  observed.  Oxygen  was  evolved  at  the  surface  of  the 
photo  anode  as  larger  bubbles.  Fig.  5(b-d)  illustrate  the  potential 
of  the  photo  anode  and  cathode  as  a  function  of  potential  applied 
to  anode  in  KOH,  H2SO4  and  NaCl  solutions,  respectively.  The 
potential  developed  due  to  illumination  was  the  highest  in  the 
KOH  solution.  The  photo  potential  developed  by  illumination  of 
the  photo  anode  decreased  with  decrease  in  pH  of  the  electrolyte. 
The  maximum  value  of  A E  in  KOH  was  about  1.26  V,  in  NaCl 
solution  it  was  about  1.1  V  and  in  0.5  M  H2SO4  it  was  about 
0.6  V.  The  potential  of  the  anode  (nanotubular  Ti02  sample) 
was  measured  with  reference  to  an  Ag/AgCl  reference  elec¬ 
trode.  When  the  potential  of  anode  was  0  V  versus  Ag/AgCl,  the 
measured  photocurrent  was  2.5  mA  cm-2  as  shown  in  Fig.  5(a). 
It  should  be  noted  that  this  0  V  versus  Ag/AgCl  in  saturated  KC1 
corresponds  to  +0.2  V  versus  standard  hydrogen  electrode  scale 
and  —4.7  eV  with  reference  to  vacuum  as  indicated  by  solid-state 
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physics  [26].  This  OV  versus  Ag/AgCl  was  not  a  zero  poten¬ 
tial  between  the  anode  and  cathode  or  between  the  anode  and 
ground.  The  potential  difference  between  the  anode  and  cathode 
was  about  1.1  V  (Fig.  5(b))  which  was  sufficient  to  produce  a 
photo  current.  Large  magnitudes  of  photo  currents  were  mea¬ 
sured  at  lower  potentials  as  shown  in  Figs.  4  and  5(a).  It  should 
be  noted  that  hydrogen  evolution  was  observed  on  the  cathode 
surface  only  when  the  potential  difference  between  anode  and 
cathode  exceeded  the  theoretical  minimum  potential  of  1.23  V 
(Fig.  5(b-d)),  even  though  large  photo  currents  were  observed 
at  lower  potential  differences. 

Based  on  the  A E  values,  the  photo  conversion  efficiency,  rj, 
was  calculated  using  the  relation: 


'/  = 


7ph  x  AE 

h 


x  100 


(3) 


where  7ph  is  the  photo  current  density  in  mA  cm-2 ;  A E  the  poten¬ 
tial  between  anode  and  cathode  under  illumination — potential 
between  anode  and  cathode  without  illumination  in  V;  Iq  the 
incident  light  intensity  on  the  photo  anode  in  mW  cm-2 

Based  on  the  Eq.  (3),  photo  conversion  efficiency  of  annealed 
nanotubular  arrays  of  TiCF  in  different  electrolytes  has  been 
plotted  as  a  function  of  the  external  potential  applied  to  the 
photo  anode  as  shown  in  Fig.  6.  It  is  observed  that  the  effi¬ 
ciency  plateaus  out  after  a  certain  applied  potential  in  all  cases. 
The  photo  conversion  efficiency  does  not  drop  to  zero  or  go  neg¬ 
ative  in  contrast  to  the  other  reports  [3,5,16]  which  is  reasonable 
because  when  the  photo  current  increases,  the  efficiency  cannot 
become  zero  or  negative.  This  is  supported  by  the  fact  that  in 
the  absence  of  light  illumination,  application  of  the  same  poten¬ 
tial  to  the  photo  anode  resulted  in  only  a  microampere  range  of 
current.  In  the  efficiency  calculations,  100%  Faradaic  efficiency 
is  assumed  for  conversion  of  all  photo-current  into  hydrogen 
generation.  Using  this  approach,  it  was  observed  that  the  photo 
conversion  efficiency  of  TiC>2  nanotubular  arrays  annealed  at 
350  °C  for  6  h  in  nitrogen  was  about  4%  in  1  M  KOFI  and  2.5% 
in  NaCl  solution  under  external  applied  potentials  under  visible 


Fig.  6.  Photo  conversion  efficiency  of  annealed  (350  °C  for  6h  in  N2)  Ti02 
nanotubular  arrays  in  different  electrolytes  as  a  function  of  potential  applied  to 
the  anode.  For  comparison  as-anodized  Ti02  nanotubes  in  1  M  KOH  is  included. 
Legends:  (1)  annealed  Ti02  in  1  M  KOH;  (2)  annealed  T1O2  in  3.5  wt.%  NaCl; 
(3)  annealed  Ti02  in  0.5  M  H2SO4  and  (4)  as  anodized  Ti02  in  1  M  KOH. 


light  illumination.  Nozik  [18]  observed  efficiencies  in  the  range 
of  3. 2-3. 4%  in  0.1  M  KOH  with  bias  potentials  of  0.6-1. 0  V  on 
single  crystal  rutile  wafers  illuminated  with  300-400  nm  near 
UV  light.  In  this  investigation  similar  efficiencies  were  observed 
with  nanotubular  Ti02  irradiated  by  visible  light.  Further,  Nozik 
[  18]  did  not  describe  the  method  of  calculation  of  efficiency.  As- 
anodized  specimens  showed  conversion  efficiencies  less  than 
0.5%. 

The  difficulty  in  calculating  the  photo  conversion  efficiency 
using  the  expression  (2)  can  be  further  illustrated  by  considering 
the  energy  level  interactions  of  the  semiconductor  and  the  elec¬ 
trolyte.  Memming  [27]  analyzed  the  basic  processes  involved  in 
the  photo  electrochemical  cells  and  proposed  models  to  describe 
the  energy  levels  at  the  semiconductor-electrolyte  interface  and 
to  understand  the  mechanism  of  photo  electrolysis.  Based  on 
his  model,  the  differences  in  photo  voltages  developed  on  the  n- 
type  nanotubular  TiCL  photo  anode  in  various  electrolytes  can 
be  explained.  When  a  semiconductor  material  comes  in  contact 
with  an  electrolyte,  the  Fermi  levels  of  both  phases  are  equal 
under  equilibrium.  In  order  to  achieve  the  equilibrium,  band 
bending  occurs  in  the  semiconductor  and  there  is  a  potential 
drop  across  the  space  charge  layer  of  the  semiconductor  in  addi¬ 
tion  to  the  potential  drop  across  the  Helmholtz  double  layer. 
The  amount  of  band  bending  depends  on  the  redox  potential  of 
the  electrolyte,  which  determines  the  Fermi  level  of  the  elec¬ 
trolyte.  When  the  electrolyte  has  a  specific  redox  system  such 
as  Ce4+/Ce ,+,  Fe  :+/Fe2+,  etc.,  the  Fermi  level  of  the  electrolyte 
is  fixed  at  the  redox  potential  of  ionic  species.  In  absence  of  a 
specific  redox  system,  such  as  in  KOH  or  NaCl  solutions,  the 
Fermi  level  is  not  well  defined.  The  Fermi  level  will  be  closer 
to  the  O2/H2O  energy  level  and  valence  band  in  case  of  KOH 
electrolyte  and  H2/H2O  and  conduction  band  in  case  of  0.5  M 
H2SO4.  Fig.  7(a)  and  (b)  illustrate  the  Ti02/KOH  system  before 
and  after  contact  in  dark  conditions.  A  maximum  band  bending 
could  be  observed  if  the  Fermi  level  of  the  electrolyte  is  closer 
to  the  valence  band  of  the  material  in  case  of  the  n-type  semi¬ 
conductor.  Accordingly,  the  band  bending  will  be  the  maximum 
with  KOH  solution  as  the  Fermi  level  is  closer  to  the  O2/H2O 
energy  level  and  the  valence  band.  Following  the  same  princi¬ 
ple,  the  band  bending  will  be  a  minimum  in  the  sulfuric  acid 
solution  and  moderate  in  NaCl  solution.  The  amount  of  band 
bending  determines  the  magnitude  of  the  photo  potential  devel¬ 
oped.  The  condition  is  similar  to  that  observed  on  illumination  of 
a  solid  semiconductor  np  junction.  A  maximum  photo  potential 
could  be  observed  if  the  Fermi  levels  of  the  semiconductor  are 
closer  to  the  conduction  and  valence  band  edges  in  n-type  and 
p-type  semiconductors,  respectively  [27].  When  the  semicon¬ 
ductor  is  illuminated,  the  energy  bands  become  flat  under  open 
circuit  condition  (because  of  the  electrons  reaching  the  conduc¬ 
tion  band  and  the  holes  reaching  the  surface/interface)  which 
shifts  the  energy  level  corresponding  to  a  photo  potential  £ph 
as  shown  in  Fig.  7(c).  The  shift  in  photo  potential  corresponds 
to  a  negative  shift  in  open  circuit  potential  in  case  of  n-type 
semiconductors.  Table  1  summarizes  typical  results  for  open  cir¬ 
cuit  potentials  of  nanotubular  TiC>2  (annealed  at  350  °C  for  6h) 
under  dark  and  illuminated  conditions  in  different  electrolytes. 
As  predicted  by  the  analysis  of  Memming  [27],  a  larger  nega- 
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Fig.  7.  Schematic  illustration  of  energy  levels  in  the  semiconductor  and  electrolyte  interfaces:  (a)  energy  levels  of  Ti02and  KOH  before  contact;  (b)  after  immersion 
in  the  electrolyte:  Fermi  levels  are  equal;  (c)  under  illumination,  a  photo  potential  £ph  is  developed.  Ec  is  the  energy  level  of  conduction  band  edge,  Ev  is  the  energy 
level  of  valence  band,  E f  is  the  Fermi  level,  e  =  electron,  h  =  hole,  hv  is  the  energy  of  light. 


tive  shift  in  the  open  circuit  potential  was  observed  in  the  1  M 
KOH  solution  and  the  photo  potential  decreased  with  decrease 
in  pH  of  the  electrolyte.  It  should  be  noted  that  the  shift  in  the 
potential  of  the  photo  anode  is  opposite  to  the  direction  of  the 
bias  potential  applied.  As  oxygen  evolves  on  the  photo  anode, 
the  sample  should  be  anodically  polarized.  When  illuminated, 
the  open  circuit  potential  of  the  photo  anode  shifts  to  a  more 
negative  potential.  Therefore,  when  using  the  expression  (2)  for 
efficiency  calculation,  the  term  Eapp  becomes  extremely  large 
and  it  appears  that  the  negative-shift  in  potential  due  to  illumi¬ 
nation  is  disadvantageous.  In  fact  it  is  not.  For  n-type  materials 
the  photo  potential  shift  will  be  negative  on  the  standard  hydro¬ 
gen  scale  and  larger  the  negative  shift,  more  will  be  the  photo 
activity.  It  should  be  noted  that  these  conditions  pertain  to  open 
circuit  conditions.  When  an  external  load  is  connected  (such  as 
in  the  short-circuit  condition),  the  band  bending  is  considered 
not  to  change  by  illumination  [27].  Therefore,  the  term  £app  in 
expression  (2)  need  not  take  the  open  circuit  potential  under 
illumination  into  account,  because  the  shift  in  energy  level  and 
hence  the  photo  potential  will  not  be  effective  in  unaltered  band 
bending  conditions. 


Table  1 

Open  circuit  potentials  (OCP)  of  nanotubular  Ti02  (annealed  at  350  °C  for  6h) 
in  different  electrolytes  with  and  without  light  illumination 


Electrolyte 

OCP  in  dark 

OCP  in  light 

vs.  REF 
(VAg/AgCl) 

vs.  Pt 

cathode  (V) 

vs.  REF 
(VAg/AgCl) 

vs.  Pt 

cathode  (V) 

1  M  KOH 

-0.4 

-0.38 

-0.9 

-0.88 

0.5  M  H2SO4 

0.11 

-0.52 

-0.125 

-0.76 

3.5  wt.%  NaCl 

-0.19 

-0.26 

-0.51 

-0.54 

4.  Conclusions 

A  new  and  simple  method  is  suggested  to  determine  the  photo 
conversion  efficiency  of  arrays  of  nanotubular  TiOi  photo  anode 
in  a  photo  electrochemical  cell.  This  method  can  be  extended  to 
other  semiconductors  also.  In  this  method,  the  power  output  by 
the  three-electrode  photo-electrochemical  cell  is  calculated  by 
considering  the  potential  increase  between  the  anode  and  cath¬ 
ode  due  to  light  illumination  under  external  applied  potential 
conditions.  Using  this  approach,  it  was  observed  that  the  photo 
conversion  efficiency  of  TiC>2  nanotubular  arrays  annealed  at 
350  °C  for  6  h  in  nitrogen  was  about  4%  in  1  M  KOH  and  2.5% 
in  NaCl  solution  under  external  applied  potentials  under  visible 
light  illumination.  The  increased  photo  activity  of  TiCT  nan¬ 
otubular  arrays  could  be  attributed  to  the  possible  band  gap  states 
created  by  the  addition  of  phosphorous  and  nitrogen  species  in 
the  nano-structures  during  anodization  and  subsequent  nitrogen 
annealing  processes. 
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